Ribonuclease HI (RNase H) is a member of the nucleotidyltransferase superfamily and endo-nucleolytically cleaves the RNA portion in RNA/DNA hybrids and removes RNA primers from Okazaki fragments. The enzyme also binds RNA and DNA duplexes but is unable to cleave either. Three-dimensional structures of bacterial and human RNase H catalytic domains bound to RNA/DNA hybrids have revealed the basis for substrate recognition and the mechanism of cleavage. In order to visualize the enzyme's interactions with duplex DNA and to establish the structural differences that afford tighter binding to RNA/DNA hybrids relative to dsDNA, we have determined the crystal structure of Bacillus halodurans RNase H in complex with the B-form DNA duplex [d(CGCGAATTCGCG)] 2 . The structure demonstrates that the inability of the enzyme to cleave DNA is due to the deviating curvature of the DNA strand relative to the substrate RNA strand and the absence of Mg 2+ at the active site. A subset of amino acids engaged in contacts to RNA 2'-hydroxyl groups in the substrate complex instead bind to bridging or non-bridging phosphodiester oxygens in the complex with dsDNA. Qualitative comparison of the enzyme's interactions with the substrate and inhibitor duplexes is consistent with the reduced binding affinity for the latter and sheds light on determinants of RNase H binding and cleavage specificity.
Introduction
Ribonuclease H (RNase H) hydrolyzes the RNA portion of RNA/ DNA hybrids and of heteroduplexes between chimeric RNA-DNA strands and DNA non-sequence specifically. 1 The RNase H family of enzymes comprises members of various molecular masses, but endonuclease activity and substrate requirements are similar for all of them and include the dependence on metal ions (Mg 2+ , Mn 2+ ) and cleavage products with 5'-phosphate and 3'-hydroxyl termini. 2 RNases H can be classified into type 1 and type 2 enzymes, whereby bacterial RNase HI, yeast RNase H1, mammalian RNase H2 and reverse transcriptase RNase H domains are of type 1, and bacterial RNase HII and HIII, archaeal RNase HII, yeast RNase H2 and mammalian RNases H1 constitute type 2 enzymes. 3 In eukaryotes, type 2 enzymes are active during replication and are necessary for removal of RNA primers during lagging strand synthesis (reviewed in ref. 4 ). Among the type 1 bacterial enzymes, RNase HI from E. coli has been studied in particular detail. 5 It is noteworthy that the enzyme not only binds RNA/DNA hybrids, but in addition displays affinity for both RNA and DNA duplexes (dsRNA and dsDNA, respectively) as well as single-stranded oligonucleotides. 6 RNA/DNA and dsRNA are bound with similar affinities and the K D for the complex with a 17mer dsRNA is ca. 1 μM. This binding strength exceeds that to dsDNA ca. 60-fold and single strands are bound with even lower affinity (ca. 300-reduction in K D relative to the natural substrate). Importantly, non-cleavable dsRNA, dsDNA and heteroduplexes between RNA and chemically modified antisense oligonucleotides (AONs) all function as competitive inhibitors. 6 The activities of E. coli 6, 7 and human RNase H 8 with the latter duplexes were assayed extensively because the enzyme is considered a crucial factor for potent antisense activity by artificial oligonucleotides. 9,10 However, with a few exceptions, i.e., phosphorothioate-DNA (PS-DNA) 11 and 2'-deoxy-2'-fluoroarabinonucleic acid (2'-FANA), 12 chemically modified AONs do not elicit RNase H action. Thus, RNase H does not cleave RNAs bound to complementary AONs with 2'-modified carbohydrate moieties. 13, 14 The crystal structure of E. coli RNase H (Ec-RNase H) alone was determined many years ago. 15, 16 However, structures of complexes remained elusive until recently, despite many attempts that were undoubtedly made to grow diffraction-quality crystals of the enzyme bound to either substrate (for example refs. 17 and 18) or inhibitor duplexes (dsRNA). 19 Instead, recent crystal structures for the catalytic domains of B. halodurans RNase H (Bh-RNase HC) 18 and for human RNase H1 (Hs-RNase HC) 20 in complex with RNA/DNA hybrids have shed light on the conformation of the substrate duplex at the active site of the enzyme. Despite similar affinities for RNA/ DNA and dsRNA by RNase H, the geometry of the former duplex clearly deviates from the canonical A-form and the majority of 2'-deoxyriboses adopt puckers more typical of a B-form backbone. The specificity for the RNA strand is established by contacts to five consecutive 2'-hydroxyl groups in the complex of Bh-RNase HC. Hs-RNase H and Ec-RNase H both feature a basic protrusion that is absent in Bh-RNase H. The structure of the Hs-RNase H-substrate complex revealed extensive interactions between enzyme and DNA strand and variations in the conformation of the DNA between the B-and A-forms in the vicinity of the above protrusion that are missing in the complex with Bh-RNase H. 20 These structures together with those of product complexes with different mutant proteins 21 have also helped settle the role of metal ions in RNase H catalysis and clearly support a two metal-ion mechanism.
It was pointed out that the specificity of RNase H depends both on the binding interaction (duplex shape) and the catalytic process. 6 Differential binding strengths to dsRNA, RNA/DNA and dsDNA allow the enzyme to selectively bind RNA-containing duplexes despite an excess of double-stranded DNA. A relatively weak interaction between RNase H and nucleic acid duplexes, particularly with dsDNA, would allow the enzyme to more efficiently scan double strands in order to locate the hybrid duplex substrate and thus lead to improved turnover. The productive binding interaction in the minor groove must entail contacts to both the RNA and the DNA strands 18, 20, 22 and cleavage is sensitive to steric factors and conformational variations in the geometry of the sugar-phosphate backbone, particularly as they affect the minor groove width. 8, 18, 20, [23] [24] [25] [26] [27] The interactions of enzymes with non-target DNA sequences, mainly electrostatic in nature, that scan dsDNA in order to locate the intended substrate have been studied in some detail with repressor proteins, 28 endonucleases involved in DNA repair, 29, 30 and restriction enzymes. [31] [32] [33] [34] However, the interactions between the above proteins and dsDNA are sequence-nonspecific. By comparison, the difference between specific RNase H:RNA/DNA and non-speficic RNase H:dsDNA binding does not concern the presence or absence, respectively, of interactions with nucleobase atoms, but relates to the nature of the carbohydrate moiety in the backbone (2'-ribose vs. 2'-deoxyribose) and the duplex shape (A-form vs. B-form).
To shed light on the non-specific binding mode between RNase H and dsDNA (inhibitor) we have determined the crystal structure of the complex between Bh-RNase HC and the dodecamer duplex [d(CGCGAATTCGCG)] 2 . More crystallographic analyses of this DNA duplex, the so-called Dickerson-Drew Dodecamer (DDD), have been carried out than for any other DNA (reviewed in refs. [35] [36] [37] [38] [39] during the last 25 years. The availability of detailed structures of the DNA alone facilitates the identification of putative conformational adaptations of the duplex as a result of the interaction with RNase H. Comparison of the structure of the DDD complex with that of the published complex between Bh-RNase HC and an RNA/ DNA 12mer 18 allows an amino acid-by-amino acid visualization of the changes at the protein-duplex interfaces. As pointed out above, the enzyme does not cleave RNA sequence-specifically and the fact that the sequences of the two duplexes are different is therefore irrelevant in terms of an interpretation of the altered binding modes. Our structure helps rationalize the lower binding affinity of the enzyme to dsDNA compared with an RNA/DNA hybrid. Moreover, it implicates not only minor groove width and presence of ribose 2'-hydroxyl groups, but also strand curvature as a major determinant of RNase H substrate recognition and cleavage specificity.
Results
Overall structure of the RNase H:dsDNA complex. The crystal structure reveals two independent DDD duplexes that both interact with two protein molecules. One of these duplex:protein complexes with 1:2 stoichiometry is depicted in Figure 1A . The duplexes are located on crystallographic dyads and the asymmetric unit is therefore composed of two dodecamer strands and two RNase H molecules. All 24 nucleotides and 133 (134 in the second subunit) of the 139 residues per Bh-RNase HC are resolved in the electron density map; an example of the quality of the final density is depicted in Figure  1B . The space group, C2, of the RNase H:DDD complex is the same as that of the published crystal structure of the complex between the identical protein (Asp132→Asn mutant) and a dodecamer RNA/ DNA hybrid. 18 Crystal data and refinement statistics are listed in Table 1 . Although the crystallographic unit cell constants of the two complex crystals are different, their unit cell volumes are very similar. Thus, the binding of two protein molecules per duplex is a shared feature of both structures. However, the RNA/DNA hybrid lies in a general location and the binding modes of the two independent RNase H molecules are slightly different in the enzyme:substrate complex. By contrast, they are identical in the DDD structure ( Fig.  1A ). Because the RNase H complexes with the two independent DDD duplexes are also very similar ( Fig. 2) , it is sufficient to analyze the interactions between a single Bh-RNase HC molecule and six base pairs of the dodecamer duplex ( Fig. 3 ) in order to compile a unique set of protein-DNA contacts. Bh-RNase HC binds to the G-C portion of the DDD from the minor groove side and kinks the dodecamer symmetrically into the major groove at GC/AT junctions (Fig. 1A) . The roll-bend between A-tract and G-tracts amounts to 17°, thereby illustrating the rigid nature of the central AATT portion and confirming the junction regions as the source of A-tract bending (reviewed in ref. 40 ). The A-tract minor groove is very narrow and the central tetramer acts as a spacer between the G-tract protein binding sites that exhibit a wider minor groove ( Fig. 1A) . Consistent with the positioning of RNase H above the minor groove of the G-C portion of the duplex, the majority of interactions involve the sugar-phosphate backbone of G and C residues ( Fig. 3 ). Additional contacts are established to the phosphates of nucleotides A5 and A6. An overview of direct and water-mediated protein-DDD interactions is provided in Table 2 . Nucleotides in the DDD duplex are numbered C1 to G12 in the first strand and C1* to G12* in the symmetry-related second strand. The protein forms contacts to five residues of the first strand (G2 to A6), of which two involve hydrogen bonds to the 4'-oxygen of the deoxyribose moiety. Contacts to the opposite strand are made to bridging and non-bridging phosphate oxygens from residues C11* and the terminal G12*. The phosphate group of the latter is located in the immediate vicinity of the active site, although no Mg 2+ ions were observed in the structure of the Bh-RNase HC:DDD complex. In addition to these direct protein-DNA contacts, 12 water-mediated interactions are found at the binding interface. Besides the asymmetry in the number of nucleotides from opposite strands probed by the enzyme, the absence of basic amino acids among those gripping the DDD backbone is most noteworthy. Thus, residues establishing hydrogen bonds to phosphate groups include Asn, Gln, Ser, Thr and Trp ( Table 2 ). We will discuss the potentially unfavorable interaction between the active site residue Asp192 and the phosphate of G12* below (see chapter "Configuration of the active site"). None of the direct interactions between amino acid side chains and DNA residues involve nucleobase atoms, consistent with the observation that the enzyme hydrolyzes the RNA substrate strand non-sequence specifically. The observation that the enzyme binds in the minor groove of both RNA/DNA substrate and DNA inhibitor duplexes indicates that the spacing of the sugar-phosphate backbones is important for RNase H recognition and binding.
Comparison between the protein-nucleic acid binding interfaces in RNase H complexes with RNA/DNA and dsDNA. The Bh-RNase HC enzyme adopts very similar conformations in the structures of the complexes with the DDD and a 12mer RNA/DNA hybrid 18 (Fig. 4 ). To determine the relative orientations of the hybrid and DDD duplexes we superimposed the protein molecules from the two complexes. As illustrated in Figure 3 , such a comparison reveals a shift as well as a slight rotation of the DDD relative to the RNA/DNA hybrid duplex bound to RNase H. Shift and rotation amount to ca. 5 Å (or two base pairs) and 10°, respectively, with the phosphate of the 3'-terminal G12 of the DDD being positioned closest to active site Asp and Glu residues (Fig. 3A ). By comparison, in the structure of the complex with the RNA/DNA substrate r(GACACCUGAUUC)/ d(GAATCAGGTGTC) (residues are numbered 1 through 12 in both strands), the phosphate of residue rU10 is lodged at the active site. These differences are accompanied by a marked reduction in the area of the binding interface in the DDD (ca. 600 Å 2 ) compared to the RNA/DNA complex (ca. 900 Å 2 ). The reduced binding interface with dsDNA is most likely also a consequence of the different curvature of the DDD and RNA/DNA duplexes ( Fig. 3 ).
Of the 12 direct contacts between RNase H and duplex, only three are to the strand that corresponds to the RNA dodecamer in the complex with the hybrid ( Table 2) . A total of 17 direct protein-nucleic acid interactions are observed in the complex with the hybrid duplex, of which nine are formed to the RNA strand. Availability of RNase H structures bound to substrate and inhibitor duplexes provides an opportunity to directly compare the roles of individual amino acids at the binding interfaces. For example, in the complex with RNA/DNA the enzyme established hydrogen bonds to 2'-hydroxyl groups of five successive RNA residues, rU7, rG8, rA9, rU10 and rU11. The amino acids participating in these contacts are Gln134, Gln134-NH, Glu109, Ser74 and Gly76-NH (in the above order). Of these, Ser74 contacts a bridging 3'-oxygen atom and Gln134 forms a hydrogen bond to a phosphate from the opposite strand in the DDD complex. This switching of strands is a consequence of the different orientation and topology of the DNA duplex relative to RNA/DNA. Glu109 is part of the active site ( Fig.  5 ) and is coordinated to the Mg 2+ ion occupying the B site in the substrate complex besides hydrogen bonding to the 2'-OH of A9. 18 In the DDD complex, the side chain of Glu109 is rotated away and does not lie close enough to the DNA backbone to form a direct interaction (Fig. 5B) . Thus, whereas five residues in the RNA strand are contacted by amino acids in the complex with the RNA/DNA hybrid, only two residues of the corresponding strand in the DDD duplex are probed by the enzyme.
Most of the amino acids that contact the DNA strand of the RNA/DNA hybrid engage in similar interactions in the complex with the DDD, albeit with nucleotides that are closer to the 5'-end of the strand in the latter (Fig. 3 , Table 2 Overall, ten amino acids form very similar interactions in the RNase H-DDD and -RNA/DNA complexes, whereby 2'-hydroxyl groups in the latter are traded for bridging and non-bridging phosphate oxygens in the complex with dsDNA. Among the features that are virtually conserved in the substrate and inhibitor complexes is the so-called phosphate-binding pocket. 18 In the DDD complex, the phosphate of G4 is surrounded by residues Thr104, Ser147 and Thr148 in a fashion very similar to the situation in the substrate complex. The two base-pair spacing between the DNA residue whose phosphate is trapped in this pocket and the 'scissile' phosphate on the RNA (DNA) strand is the same in the two complexes ( Fig.  5A ). Additional interactions involving G4 in the DDD complex include a contact to O4' by Asn106 and to its minor groove edge by the same amino acid and Thr135 via water bridges ( Table 2) . The corresponding residue A6 in the DNA strand of the hybrid also features a water-mediated contact between the minor groove edge of its base and the protein, but the partner amino acid is Thr125.
No direct protein-DNA nucleobase interactions are observed in the DDD complex compared with 3 such interactions in the complex with RNA/DNA hybrid. This disparity is related to another key difference between the complexes with substrate RNA/DNA and inhibitor dsDNA, namely the number of observed water-mediated amino acid-backbone or -base interactions. No fewer than 12 water-mediated interactions between protein and DNA exist in the DDD complex compared with only seven interactions of this type in the RNA/DNA complex ( Table 2) . The presence of a sheath of 12 water molecules at the protein-DNA interface in the inhibitor complex and a comparably much drier binding interface in the substrate complex (seven water molecules) is consistent with the tighter binding of RNA/DNA relative to dsDNA by RNase H and a more optimal fit between enzyme and hybrid duplex. Although the sum of direct and indirect proteinnucleic acid interactions is the same in the complexes with RNA/ DNA and dsDNA (24) , 70% of these are direct contacts in the complex with the hybrid compared to only 50% direct contacts in the DDD complex.
Configuration of the active site. The most obvious difference between the active sites in the DDD (Fig. 5B ) and RNA/DNA (Fig. 5C ) complexes is the presence of two Mg 2+ ions in the latter and their absence in the former. In both complexes Asp132 is mutated to asparagine and the resulting change in local electrostatics is therefore unlikely to be the cause of this difference. The side chains of Asp71, Glu109 and Glu188 that coordinate to Mg 2+ ions in the substrate complex point away from the phosphate group of G12 that is lodged adjacent to the active site in the DDD complex. In the case of Glu109 the conformational change is probably linked to the absence of a 2'-hydroxyl group in DNA; in the substrate complex Glu109 is hydrogen bonded to the 2'-OH of A9. The lack of the ribose hydroxyl groups prevents the precise alignment of the DNA strand with respect to active site residues and the optimal spacing of coordination sites that is needed for binding of two Mg 2+ ions and subsequent phosphodiester cleavage. The DNA backbone geometry deviates from that adopted by the RNA strand, resulting in a significantly different orientation of the phosphodiester moiety linking C11 and G12 in the DDD complex compared with the A9-U10 dimer in the substrate complex ( Figs. 3 and 5 ).
Unlike the side chains of the above amino acids that are farther removed from the DNA backbone relative to the situation in the complex with RNA/DNA hybrid, Asp192 and Asn132 lie closer to the G12 phosphate in the DDD complex compared with their position vis-à-vis the U10 phosphate in the substrate complex. In fact their carboxyl and carboxamide groups, respectively, practically occupy the positions of Mg 2+ ion A (Asp192) and Mg 2+ ion B (Asn132) ( Fig. 5B and C) . In the case of Asn132, the close association with the phosphate backbone is due to formation of a hydrogen bond between the amino group and O3'(C11). The close spacing of phosphate and Asp192 carboxyl group-the OD1…O1P and OD1…O2P distances are 3.27 Å and 2.69 Å, respectively-may indicate that the side chain is protonated (the crystallization pH was 4.6). The OD1 oxygen displays no other close contacts whereas OD2 is engaged in three hydrogen bonds, two to backbone amide NH groups (Tyr193 and Gly194) and an additional one to a water molecule (Fig. 5B ). This environment suggests that OD1 is the carboxylic acid (C-)OH oxygen and OD2 is the carbonyl oxygen. Whatever the precise nature of the interaction, it is clear that the stable and cleavage-competent association of active site residues and RNA mediated by coordinated Mg 2+ ions and 2'-hydroxyl groups in the substrate complex is replaced by interactions in the inhibitor complex that, although weakly stabilizing, are obviously not conducive to cleavage. If the side chain of Asp192 is not protonated, the close contact with the phosphate of G12 has to be considered repulsive, thus likely rendering the interaction between this DNA strand and RNase H destabilizing in the absence of Mg 2+ coordination.
Perturbation of the DDD structure upon RNase H binding. Comparison between the crystal structures of the DDD in complex with RNase H and in the free state shows that the latter duplex is bent into the major groove only at one G-/A-tract junction (Fig. 6A) . 'Facultative' bending (reviewed in ref. 40 ) at this site in the free DDD is induced by crystal packing forces and stabilized by a Mg 2+ coordinating to G2 and G22 from opposite strand in the major groove. [37] [38] [39] Due to its location on a dyad in the crystal of the complex, the DDD Table 2 Protein-nucleic acid interactions in the Bh-RNase HC complexes with the DDD and RNA/DNA hybrid duplexes* Figure 4 . The superimposition of the Bh-RNase HC proteins in the complexes with the DDD (blue) and the RNA/DNA hybrid duplex (green) demonstrates that they adopt very similar conformations.
*Ribonucleotides/atoms in the hybrid 18 and DNA nucleotides/atoms in the DDD strand that corresponds to the hybrid RNA strand are in bold font and symmetry-related DDD residues are marked by an asterisk. The upper distance cut-off for hydrogen bonds was 3.3 Å.
here is symmetrically bent into the major groove at both junctions. However, instead of crystal packing, it is the binding of RNase H in the minor groove of G-tracts that causes the bends into the major groove. The DDD A-tract minor groove is exceptionally narrow and changes little on binding by the enzyme (Fig. 6 ). The minor groove in GC-rich stretches is generally wider but opens up further as a result of bending into the major groove induced by RNase H (Fig. 6B) . Perhaps unexpectedly, the minor groove in the DDD at the binding interface is slightly wider on average (9.1 Å) than in the RNA/DNA hybrid (8.5 Å). The average minor groove width of the G-tract at the bent end in the free DDD duplex amounts to 8.3 Å. Thus, RNase H pries open the minor groove of the DNA duplex by about 1 Å. This widening is accompanied by a reduction in minor groove depth (average 3.5 Å) relative to the free DDD (average 4.7 Å). By comparison, the minor groove of the RNA/DNA hybrid bound to RNase H is even shallower (average 2.3 Å). We conclude that the Bh-RNase HC perturbs the geometry of the DDD duplex despite its inability to cleave DNA. The observed structural changes are subtle but clearly significant given the resolution of the structural data. Unavailability of the structure of the RNA/DNA dodecamer duplex in its free form prevents us from analyzing the structural changes induced by enzyme binding.
Discussion
The complex between a DNA inhibitor duplex and RNase H reveals several key differences to the complex with RNA/DNA substrate but also some shared features. The differences concern mainly interactions with the RNA strand in the latter, which is perhaps not unexpected as the DNA strand assuming the position of RNA in the complex lacks 2'-hydroxyl groups. Two of the amino acids tracking the ribose 2'-hydroxyls of five consecutive nucleotides in the substrate complex, instead interact with bridging or nonbridging phosphate oxygens in the complex with the DNA duplex ( Table 2 ). More importantly the steric and electrostatic discrepancies between the 2'-deoxyribose and ribose sugars in the two backbones contribute to the absence of Mg 2+ ions from the enzyme active site with the DNA duplex bound (Fig. 5 ). Different curvatures of the RNA (hybrid) and the corresponding DNA strand (DDD) result in a considerably less intimate binding mode with the latter. This is borne out by a higher number of water-mediated interactions in the complex with the DDD in place of direct RNA-protein interactions. Therefore, our structural data are consistent with the reduced binding affinity of RNase H for dsDNA compared with RNA/DNA hybrids. The interactions of the enzyme with the DNA strand of the hybrid duplex are virtually matched in the complex with dsDNA ( Fig. 3, Table 2 ), corroborating the conclusion that the DNA strand in hybrids adopts a B-like conformation. 18 To use an analogy, the binding mode to dsDNA observed here is not unlike climbing up a ladder while holding on to just one rail. By comparison, RNase H holds on to both the DNA and RNA rails when interacting with hybrids. This difference may allow the enzyme to more efficiently scan duplexes in order to locate hybrid targets enabling a higher turnover rate. 6 This scenario is somewhat reminiscent of the hemispecific binding state of the endonuclease BstYI bound to noncognate DNA. 34 Although the minor groove width of the duplex is clearly important for RNase H substrate recognition and binding, 18,23 it cannot account for the enzyme's inability to cleave dsDNA. The minor groove widths of the DDD and RNA/DNA duplexes in complex with Bh-RNase HC are very similar (Fig. 6B ). However, the hybrid RNA strand and the corresponding DNA strand in the DDD exhibit very different curvatures (Fig. 3A) , unlike the hybrid DNA strand and the corresponding strand in the DDD (Fig. 3B) . Therefore, minor groove width and depth, strand curvature and chemistry (2'-OH) are all being used by the enzyme as identity elements. Overall, the binding modes of RNase H to RNA/DNA and dsDNA are not fundamentally different, given the facts that (1) both duplexes are bound in the minor groove ( Fig. 1A) , (2) the orientations of the duplexes as judged by the alignment of their helix axes are similar (Fig. 3) , and (3) phosphates from opposite strands of the DNA duplex that are separated by two base pairs are lodged at the phosphate binding site and the active site as seen in the substrate complex ( Fig. 5A ). Further it is remarkable that the enzyme induces specific changes in the conformation of the DDD that include bending into the major groove and minor groove widening. The hybrid duplex exhibits a strong kink into the major groove at the U7pG8 step at the border of the binding interface. However, in the absence of a structure of the RNA/DNA alone, it remains unclear whether this feature is caused by RNase H binding. The structure of the complex with a dsDNA inhibitor duplex provides a refined understanding of RNase H substrate recognition and processing. Similar insights into the enzyme's inability to cleave dsRNA and the protein-RNA interactions underlying the enzyme's comparable binding affinities for dsRNA and RNA/DNA have to await the structure determination of an RNase H:dsRNA complex.
Materials and Methods
Protein expression and purification. B. halodurans genomic DNA was purchased from American Type Culture Collection (ATCC, Manassas, VA). The Asp132→Asn mutant of Bh-RNase HC (Met58 to Lys196) was expressed in E. coli and purified as described previously. 18 The protein solution was concentrated to 35 mg/mL.
DNA synthesis and purification. The dodecamer 5'-d(CGCGAATTCGCG) was synthesized on a 1 μmole scale on an ABI 381A DNA synthesizer, using commercial phosphoramidite building blocks (ChemGenes Corp., MA). Following deprotection and cleavage from the CPG solid support, the oligonucleotide was purified using anion exchange HPLC and the concentration of the stock solution was adjusted to 2.4 mM.
Crystallization and structure determination. Protein and DNA solutions were mixed in a 1:1 molar ratio in the presence of 5 mM MgCl 2 and crystallization experiments were performed by the sitting drop vapor diffusion technique using a sparse matrix screen (Hampton Research Inc., Aliso Viejo, CA). 41 Briefly, 1 μL complex solution were mixed with 1 μL of reservoir solution and equilibrated against 50 μL reservoir wells. Crystals appeared in droplets that were mixed and equilibrated with 0.1 M NaOAc·3H 2 O (pH 4.6), 8% (w/v) PEG 4000 in about 3-4 days. Crystals were mounted in nylon loops, cryo-protected in 20% glycerol containing reservoir solution and frozen in liquid nitrogen. Diffraction data were collected with a Mar225 CCD on the 21-ID-F beam line of the Life Sciences Collaborative Access Team (LS-CAT) at the Advanced Photon Source, Argonne National Laboratory (Argonne, IL). Diffraction data were integrated and scaled with the program HKL2000. 42 The structure was determined with the Molecular Replacement technique using the program MOLREP 43, 44 and the Bh-RNase HC structure with PDB ID 1zbi 18 (protein alone) as the search model. Initial refinement was carried out with the program CNS 45 and the DNA duplex was gradually built into the electron density, two to three base pairs at a time, followed by refinement. Manual rebuilding was performed with the program TURBO. 46 Water molecules were added gradually and isotropic/TLS refinement was continued with the program REFMAC. 47, 48 A summary of crystallographic parameters is provided in Table 1 .
DNA helical analysis and illustrations. Geometric parameters for the DNA duplex were calculated with the program CURVES. 49 All illustrations were generated with the program CHIMERA. 50 
